Lze na základě ploidie, morfologie, stanovištních nároků a genetických vztahů mezi alpskými populacemi Vaccinium uliginosum odlišit dva taxony?
Introduction
Biota of mountain areas and the Arctic underwent pronounced reshuffling of distribution areas during the Pleistocene. In contrast to temperate biota (Hewitt 2004) , it is likely that cold-adapted species expanded their ranges during glacials and experienced range restriction to refugia during interglacials (Stewart et al. 2010) . This alternation of phases of allopatric differentiation and secondary contact is likely to have triggered the formation of polyploid complexes (Otto & Whitton 2000 , Guggisberg et al. 2009 ). As a result of evolutionary processes such as recurrent origin of polyploids and enhanced gene flow among polyploids (Soltis & Soltis 2009 ) there are several polyploid complexes among the taxonomically most intricate non-apomictic groups (Abbott & Brochmann 2003) . Whereas some polyploid complexes have been subjects of systematic evolutionary research for several decades (e.g. Achillea, Clausen et al. 1948) , others, such as the Senecio carniolicus aggregate, were considered ploidy uniform until recently , Flatscher et al. 2015 .
Throughout much of the arctic, boreal and temperate zones in the Northern Hemisphere, the cloudberries (Vaccinium uliginosum L. s.l.) are among the most frequent constituents of dwarf shrub communities ranging from lowland bogs through montane conifer forests to low-alpine heath communities (Hagerup 1933 , Young 1970 . They form mostly a diploid-tetraploid complex, with hexaploids only reported from Beringia and Japan (Young 1970 , Eidesen et al. 2007 . Previous research has shown that the variation in plastid DNA is geographically structured into three major lineages (Alsos et al. 2005 , Eidesen et al. 2007 ), i.e. the Amphi-Atlantic lineage (tetraploid), Beringian lineage (tetraploid, hexaploid) and Arctic-Alpine lineage (diploid). Amplified Fragment Length Polymorphism (AFLP) analysis revealed five geographic groups, which could be explained by them surviving in different Pleistocene refugia. Last, nuclear ribosomal Internal Transcribed Spacer (ITS) sequences, in contrast, mostly differentiate between diploids and polyploids, but cloning reveals that most individuals actually contain sequences of both major ITS types. Incongruences among the three data sets may be due to evolutionary processes taking place on different time horizons, for instance major episodes of unidirectional nuclear gene flow between early diverged cytotypes in shared refugia (Eidesen et al. 2007) .
In spite of the frequent occurrence of V. uliginosum s.l. in the Alps and adjacent areas there is little information on variation in ploidy level, habitat and morphology across populations. Diploids are reported from the French Alps and tetraploids, with one record each, from the eastern Swiss and Bavarian Alps (Lippert & Heubl 1989 , Eidesen et al. 2007 , Schwarzwald (Germany) and Vosges (France; Gregor & Hand 2006) . As the intricate morphological variation has a quantitative rather than qualitative nature, and much variability appears to be environmentally induced (Young 1970) , the taxonomic status of the taxa constituting V. uliginosum s.l. in the southern European mountain ranges is controversial. Treatments range from recognising a single morphologically plastic species (Polatschek et al. 1999 ) to discriminating V. uliginosum s. str. and V. gaultherioides as subspecies (Young 1970) or even species (Aeschimann et al. 2004 , Fischer et al. 2008 .
Here, based on sampling five latitudinal transects across the middle part of the Alpine arc and an integrative approach combining flow cytometry, plastid DNA sequencing, amplified fragment length polymorphism (AFLP) fingerprinting, morphometrics and characterization of ecological niches via phytosociology and Landolt indicator values of the vegetation surrounding the Vaccinium individuals we addressed the following questions: (i) What is the large-scale distribution of diploid and tetraploid cytotypes of V. uliginosum s.l. in the area sampled? (ii) Are molecular genetic (AFLP and plastid DNA) relationships governed by differences in ploidy level or is there evidence of acrosscytotype gene flow causing geography-correlated clustering? Is there evidence for (iii) ecological or (iv) morphological separation between cytotypes? Finally, we evaluate our results in terms of whether they can be used to discriminate between taxa.
Material and methods

Sampling
In summer 2013 we sampled 135 individual plants from 45 populations of V. uliginosum s.l. along five north-south orientated transects through the middle part of the Alpine arc (Switzerland, Germany, Austria, Italy; Fig. 1 , Table 1 ). Leaf material was dried and stored in silica gel for flow cytometry and DNA extraction. Representative parts of all the individuals sampled were preserved as herbarium specimens for morphometric analyses. Table 1 and pie charts indicate the ploidy level of the typically three investigated individuals per population (white, diploid; black, tetraploid). The upper insert indicates the position of the area sampled in Europe; the lower insert shows the altitudinal distribution of the populations studied. 
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Flow cytometry
Flow cytometry (FCM) of 4',6-diamidino-2-phenylindole (DAPI; final concentration 0.036 M) stained nuclei was used to estimate relative genome size (RGS) of silica gel-dried samples. The internal standard used to determine DNA amounts was Bellis perennis (2C = 3.38 pg; Schönswetter et al. 2007 ). Desiccated green leaf tissue (~0.5 cm 2 ) was chopped together with an appropriate amount of fresh reference standard and processed as described in Suda et al. (2007) . The relative fluorescence intensity of 3,000 particles was recorded using a Partec CyFlow Space flow cytometer (Partec GmbH, Münster, Germany). Partec FloMax software was used to evaluate the histograms, which were manually gated. RGS was calculated as the ratio of the relative fluorescence of sample and standard. The reliability of the measurements was assessed by calculating coefficients of variation (CV) for the G1 peaks of both the analysed sample and the reference standard. Analyses yielding a CV threshold of > 5% were discarded and the samples measured again.
DNA extraction, AFLP fingerprinting and analysis of AFLP data
Total genomic DNA was extracted from similar amounts of dried tissue (~10 mg) using the DNeasy Plant Mini Kit (QIAGEN) following the manufacturer's instructions. AFLP profiles were generated following established protocols (Vos et al. 1995) with modifications either described in Schönswetter et al. (2009) or detailed below. One blank (DNA replaced by water) was included on each plate to test for contamination and reproducibility was tested by replicating 15 individuals from the same DNA extractions (Bonin et al. 2004 ). Out of the twelve initially screened selective primer combinations, the following three were chosen for the selective PCR (fluorescent dye in brackets): MseI-CAG and EcoRI-AAC(NED), Mse-CAT and EcoRI-ACA(6-FAM), Mse-CTT and EcoRI-AAG(VIC) (6-FAM labelled primers: Sigma-Aldrich, St. Louis, Missouri, USA; NED and VIC labelled primers: Applied Biosystems, Foster City, California, USA).
The selective PCR mix for the VIC and 6-FAM labelled primers contained 1 μl 10× RedTaq PCR reaction buffer (Sigma-Aldrich), 0.25 U RedTaq (Sigma-Aldrich), 0.22 μl dNTPs (10 mM; Applied Biosystems), 0.54 μl of each selective primer (MseI-primer: 5 μM; EcoRI-primer: 1 μM, Sigma-Aldrich) and 2 μl of the diluted preselective amplification product. The reaction mix for the NED labelled primer contained 0.4 U RedTaq. The selective PCR product was purified using Sephadex G-50 Fine (GE Healthcare BioSciences, Uppsala, Sweden) applied to a MultiScreen-HV plate (Millipore, Molsheim, France) in three steps of 200 μl each and packed at 600 g for 1, 1 and 5 minutes, respectively. Then 1 μl of the elution product was mixed with 10 μl formamide (Applied Biosystems) and 0.15 μl GeneScan 500 ROX (Applied Biosystems) and run on an ABI 3130 automated capillary sequencer.
Electropherograms were analysed using Peak Scanner version 1.0 (Applied Biosystems) and default peak detection parameters, except light peak smoothing. The minimum fluorescent threshold was set to 50 relative fluorescence units. Automated binning and scoring of the AFLP fragments were performed using RawGeno 2.0-1 (Arrigo et al. 2009 ) in R 3.3.0 (R Core Team 2016) with the following settings: scoring range = 50-500 bp, minimum intensity = 100 relative fluorescence units (rfu), minimum bin width = 1 bp, and maximum bin width = 1.5 bp. Fragments with a reproducibility lower than 80% based on sample-replicate comparisons were eliminated. Markers present or absent in only one individual were excluded. A Jaccard distance matrix among individuals was calculated using the vegdist() function in the R package vegan (Oksanen et al. 2016) . Principal coordinate analysis was performed using the R function cmdscale(). In order to evaluate the correlation between Jaccard distances among AFLP multilocus phenotypes on the one hand and matrices of geographic as well as altitudinal distances on the other, we performed separate Mantel tests for di-and tetraploids using the function mantel() in the package vegan (correlation method: Spearman's rho, 10000 permutations).
Plastid DNA sequencing
We sequenced two plastid DNA regions, i.e. the intergenic spacer regions separating trnL from trnF (primers e-f; Taberlet et al. 1991) and trnS from trnG (Hamilton 1999) , which were previously shown to be variable in V. uliginosum (Alsos et al. 2005) . Sequences from V. myrtillus and V. vitis-idaea were included as outgroups (Genbank accessions DQ073325.1, DQ073326.1 and DQ073200.1, DQ073201.1; Alsos et al. 2005) . Typically, in ploidy-uniform populations a single individual was sequenced, whereas in heteroploid populations sequences were obtained for all the individuals sampled. In addition, in eight populations one or two additional individuals were sequenced to test for intrapopulation variation. All reactions were carried out using a MasterCycler Gradient thermocycler (Eppendorf, Hamburg, Germany). Both regions were amplified in a 20 μl reaction containing 7.5 μl RedTaq ReadyMix PCR Reaction Mix (Sigma-Aldrich), forward and reverse primer at 250 nM final concentration, 0.9 μl BSA (1 mg/ml; Promega, Madison, Wisconsin, U.S.A.) and 1 μl DNA. PCR conditions were 95°C for 5 minutes followed by 35 cycles of 95°C for 30 seconds, 50°C for 30 seconds, 72°C for 45 seconds; final elongation was 72°C for 5 minutes.
The quality of the PCR products was checked on 1% TBE-agarose gels. Subsequently, the amplification products were purified enzymatically using Exonuclease I and Fast Alkaline Phosphatase (Thermo Scientific) according to the manufacturer's instructions. Cycle sequencing reactions were performed separately for each primer using BigDye Terminator chemistry (Applied Biosystems) according to the manufacturer's protocol, followed by electrophoresis on an ABI 3130xl Genetic Analyzer capillary sequencer (Applied Biosystems). Geneious 5. 5. 6 (Biomatters, Auckland, New Zealand) was used to assemble and edit the contigs and to align the sequences. The alignment of the concatenated plastid markers was analysed using statistical parsimony as implemented in TCS 1.21 (Clement et al. 2000) with the connection limit set to 95%; gaps were treated as a fifth character state. Indels longer than 1 bp were reduced to a single base pair column allowing these structural mutations to be counted as a single base pair mutation.
Morphometrics
As only a few individuals had flowers and/or fruits at the time of collection we focused on vegetative characters; comprehensive analyses of reproductive structures of plants from mixed-ploidy populations are underway (L. Silbernagl, unpublished).
Plant height, leaf size and leaf shape are suggested for discriminating between V. gaultherioides and V. uliginosum (Fischer et al. 2008) . Plant height was recorded in the field. For morphometric analyses, five mature leaves from the middle part of different branches of each herbarium specimen were glued on paper and scanned at a 600 dpi resolution. Size measurements were performed using Lamina (Bylesjö et al. 2008 ) and the following characters were used: leaf length, leaf width, the ratio of leaf width at 25% and 75% of leaf length, and leaf circularity, i.e. 4p(area/perimeter 2 ) -a value of 1.0 indicates a perfect circle. To characterize leaf shape, we employed SHAPE (Iwata & Ukai 2002 ) to obtain a size and rotation independent mathematical description of the leaf outline based on elliptic Fourier transformation. For the combined analysis of size and shape characters, the individual mean of the aforementioned measurements and of the principal components 1 and 2 from the SHAPE analysis were used. The pairwise correlation between measured characters was tested to avoid including strongly correlated (Pearson's R 2 > 0.9) characters. Measurements were transformed to achieve a normal distribution (assessed by Shapiro-Wilks tests). All characters were scaled and centred using the R function scale() and PCA was performed on the scaled characters using the princomp() function. To evaluate the correlation of characters with altitude, a linear regression was fitted using the lm() function. For a graphical representation, characters were plotted against altitude. Significance of differences was tested using a multivariate analysis of variance [MANOVA, R function manova()]. Homogeneity of variance was confirmed using Levene's test. ANOVAs for single morphometric variables were calculated using the summary.aov() function.
Linear discriminant analysis (LDA) of morphological characters was performed using the function lda(). For the LDA we aimed to mitigate the effect of the wide altitudinal gradient by separating the dataset into three groups: tetraploids collected below 1500 m a.s.l., tetraploids from above 1500 m a.s.l. and diploids (sampled only above 1500 m a.s.l.). This also discriminates tetraploids associated with bog vegetation and those from alpine dwarf shrub communities, where both cytotypes co-occur.
Ecological differentiation of cytotypes
Vegetation was sampled in 1 m 2 plots centred on each target individual, recording the percentage cover of vascular plants, lichens and bryophytes. The relevés were classified using TWINSPAN 2.3 (Hill & Šmilauer 2005) and omitting V. uliginosum s.l. from the indicator species list. Further, non-metric multidimensional scaling (NMDS) was performed using the function metaMDS(). Prior to analysis, square-root transformed cover values of accompanying species of plants (V. uliginosum s.l. was omitted) were converted to Hellinger distances using the function decostand() in vegan (Oksanen et al. 2016) .
Environmental conditions were characterized by mean Landolt indicator values of accompanying species of vascular plants (Landolt et al. 2010) , weighted by their relative cover. Landolt indicator values describe ecological requirements of species in terms of climatic parameters (temperature, T; continentality, K; light, L) and soil parameters (moisture, F; reaction, R; nutrients, N; humus content, H; aeration, D; moisture variability, W), all ranging from 1 (low) to 5 (high). For species indifferent to particular indicator values, we used the median of the concerned indicator values at the respective sites; V. uliginosum s.l. was omitted from the calculation. Principal component analysis was performed in R using the princomp() function and average indicator values of accompanying species weighted by the percentage they make up of the total cover.
Results
Flow cytometry, AFLP fingerprinting and plastid DNA sequencing
FCM analyses yielded high-resolution histograms and revealed the presence of two RGS classes (0.372±0.002 and 0.789±0.001, respectively), which translate into 2C-values of 1.26±0.01 pg and 2.67±0.00 pg (mean±SE), respectively. These values closely fit the estimates for chromosomally verified diploid and tetraploid V. uliginosum s.l. (1.22±0.01 pg and 2.67±0.02 pg) from Scandinavia (Eidesen et al. 2007 ). Ploidy within populations was uniform except for populations A5, D6 and D8; no triploids were detected. Populations in the northern forelands of the Alps are exclusively tetraploid, whereas diploids occupy the central and southern Alps (Fig. 1) . A principal coordinate analysis of AFLP markers based on 248 polymorphic fragments ( Fig. 2A) revealed two clearly separated clusters corresponding to diploids and tetraploids. Mantel tests revealed no correlation between genetic and geographic distances for tetraploids (r = 0.05, P = 0.09), whereas there was a significant correlation in diploids (r = 0.35, P < 0.001). No correlation between altitudinal and genetic distances was recorded for diploids (r = 0.04, P = 0.285), whereas tetraploids showed a weak correlation (r = 0.06, P = 0.004).
The concatenated matrix of trnS-trnG and trnL-trnF intergenic spacer sequences (GenBank accession numbers MF427725-MF427782, MG252854-MG252855 and MF427783-MF427841, MG252856-MG252857, respectively; Table 1) consisted of 1020 aligned positions. In total, three plastid haplotypes separated by a maximum of six mutational steps were found, which correspond to the haplotypes A, D and K identified by Alsos et al. (2005;  Fig. 2B ). Haplotypes segregated in terms of their ploidy levels and AFLP groups (Fig. 2B) . Haplotypes A and D were present in diploid individuals, whereas in tetraploids haplotype K was predominant; only a single individual from the tetraploid population B5 had haplotype A. This was also the only case of occurrence of more than one haplotype in a ploidy-uniform population. 
Morphometrics
No distinct clusters were revealed by the SHAPE analysis (Fig. 3A) , although the variation in leaf shape observed in the plants sampled was well represented in the reconstruction of leaf outlines. The recorded measurements did not show strong pairwise correlations; the strongest correlation was between leaf length and leaf width (R 2 = 0.85). The MANOVA of the morphological characters revealed significant (Pillai's Trace = 0.4, F = 11.4, P < 0.001) differences between the two ploidy levels. ANOVAs for the single variables showed significant differences in leaf width, leaf length and plant height, whereas no such difference was observed in leaf shape characters. (Table 2 ). However, a principal component analysis of a combination of leaf shape characteristics and quantitative measurements of leaf size (Fig. 3B) showed no clear separation between diploids and tetraploids. Both analyses indicated similar variability in leaf shape; plant height, leaf length and leaf width contributed most to the separation of diploids from tetraploids, but the clusters overlap and the leaf size of tetraploid plants was highly variable. In addition, plotting absolute size characters such as leaf length and plant height against altitude revealed an inverse correlation of these characters with altitude (Fig. 4AB) . Size-independent morphological characters such as leaf circularity or the principal component 1 from the SHAPE analysis (PC1) did not show this trend (Fig. 4CD) . This observation was consistent across all the variables recorded (not shown: leaf width vs. altitude: R 2 = 0.23, P < 0.01; SHAPE PC2-altitude: R 2 = 0.02, P = 0.11; leaf width at 25% to leaf width at 75% of leaf length vs. altitude: R 2 = 0.04, P = 0.03). The LDA of the morphological characters revealed that the diploids and low-altitude tetraploids differ whereas the high-altitude tetraploids overlap with the two other groups (Fig. 5) . The characters contributing most to the separation were leaf size, plant height and, to a lesser extent, leaf circularity. Using the fitted model and the original data to classify the observations, diploids and low-altitude tetraploids were classified correctly in 81% and 77% of cases, respectively, whereas high-altitude tetraploids were classified correctly in only 44% of cases. 
Ecological differentiation between cytotypes
Diploids were confined to altitudes above 1500 m a.s.l. while tetraploids had a much broader altitudinal distribution (Fig. 1) . The TWINSPAN analysis resulted in a differentiation of five units, which could be assigned to three phytosociological alliances. Diploids were restricted to Loiseleurio-Vaccinion communities (three TWINSPAN groups) whereas tetraploids were also found in Sphagnion medii and Vaccinio uliginosi-Pinion communities (two TWINSPAN groups). The NMDS corroborated the tripartite separation and showed little overlap between the three alliances (Fig. 6A) . Environmental conditions assessed by mean weighted Landolt indicator values of the accompanying vascular plants showed no clear separation of diploid and tetraploid individuals (Fig. 6B) . Diploids are confined to a comparatively narrow niche whereas the ecological conditions in areas where tetraploids occur vary considerably.
Discussion
Employing an integrative approach combining flow cytometry, plastid DNA sequencing, AFLP fingerprinting, morphometrics and characterization of ecological niches via phytosociology and Landolt indicator values of the surrounding vegetation we reveal that in the middle part of the Alpine arc V. uliginosum s.l. comprises two geographically weakly segregated cytotypes that are genetically differentiated, but overlap strongly in both morphology and habitat preferences. Based on our sampling, tetraploids occur throughout the three major tectonic units of the middle part of the Alpine arc, Northern Limestone Alps, Central Alps and Southern Limestone Alps, and in the northern forelands of the Alps, whereas diploids are restricted to the Central Alps and the Southern Limestone Alps (Fig. 1) . Interestingly, tetraploids predominate north of the Alpine main chain and are the only cytotype encountered in the Northern Limestone Alps and the northern forelands. In contrast, diploids prevail south of the main divide. This large-scale pattern may at least partly be explained by the more frequent occurrence of low-altitude wetlands such as raised bogs, which are exclusively inhabited by tetraploids, in the Northern Limestone Alps and their forelands.
Why diploids did not colonise the Northern Limestone Alps when they became icefree after the last glaciation is unclear. A possible explanation may be sought in the scarcity of suitable habitats; on calcareous bedrock acidophilic dwarf shrub communities develop only on a thick, often water-logged humus layer (Grabherr 1993) , which may be better suited for the tetraploid cytotype than for diploids. Alternatively, diploids probably survived the glaciations in refugia at the southern periphery of the Alps (Schönswetter et al. 2005) and have not yet recolonized the Northern Limestone Alps (i.e. incomplete range filling; Svenning & Skov 2007 , Dullinger et al. 2012 . It is likely that this mountain range, in contrast, was colonized by tetraploids surviving in the northern forelands. The latter hypothesis is supported by the fact that in Scandinavia, an area that is likely to have been recolonized from the tundra vegetation between the Alpine and Scandinavian ice sheets (Lang 1994 , Burga et al. 1998 , tetraploids clearly prevail (Eidesen et al. 2007) . Divergent evolution of diploids in separate refugia followed by absence or scarcity of gene flow over wide distances, indicating restricted migration, is also supported by the Mantel test that revealed a significant correlation of genetic and geographic distances. No such correlation was found in tetraploids, probably suggesting existence of a single refugium or extensive postglacial gene flow. In contrast to diploids, tetraploids exhibited a weak correlation between genetic and altitudinal distances likely reflecting the distribution gap between lowland occurrences in bogs and alpine occurrences in dwarf shrub communities.
The two cytotypes strictly corresponded to two non-overlapping groups in the mostly nuclear derived, biparentally inherited (Bussell et al. 2005 ) AFLPs, and were also in almost perfect congruence with the two major lineages retrieved from non-recombining, maternally inherited (in Ericaceae: Szczecińska et al. 2014 ) plastid sequences (Fig. 2) . We retrieved three haplotypes corresponding to the haplotypes A, D and K identified by Alsos et al. (2005) , which fall into their circumpolar Arctic-Alpine lineage (haplotypes A, D) and the Amphi-Atlantic lineage (haplotype K). Divergence between the main plastid lineages is suggested to have happened before the Pleistocene, and the ArcticAlpine lineage probably survived the last glaciation in southern mountain ranges (Alsos et al. 2005) . The observed congruence between ploidy level and the two plastid DNA lineages corroborates the hypothesis that the initial plastid DNA divergence followed early polyploidizations (Eidesen et al. 2007) . The fact that the AFLP data show the same pattern of divergence, however, is in marked contrast with the assumption that recent gene flow via unreduced pollen from diploids to tetraploids is frequent (Eidesen et al. 2007 ). The single evidence for gene flow between diploids and tetraploids was a tetraploid individual from population B5 carrying haplotype A from the otherwise exclusively diploid Arctic-Alpine lineage (Alsos et al. 2005 , Eidesen et al. 2007 ). This incongruence may be explained by meiotic failure in megasporogenesis leading to an unreduced egg cell, which was then fertilized by an unreduced sperm cell. If a "triploid bridge" (Yamauchi et al. 2004 ) was involved, two possibilities exist. First, an unreduced egg cell was fertilized by a regular male gamete or, alternatively, a reduced egg cell was fertilized by an unreduced sperm cell, ultimately resulting in a tetraploid individual carrying a "diploid" haplotype. Subsequent gene flow may then have swamped the nuclear genome rendering it indistinguishable from that of the resident tetraploids.
Diploids and tetraploids show some degree of niche separation (Fig. 6) , which is mostly due to the lack of diploids at low altitudes (Fig. 1B) . In high-altitude habitats above 1500 m a.s.l. both cytotypes may co-occur as illustrated by populations A5, D5 and D7 (Fig. 1) , which are ploidy-heterogeneous in spite of the small sample size of three individuals per population, which certainly resulted in an underestimate of ploidy mixtures. The cytotypes' altitudinal distribution is reflected in the plant communities inhabited. Whereas diploids exclusively grow in (sub)alpine dwarf shrub communities of the phytosociological alliance Loiseleurio-Vaccinion, tetraploids occupy different types of habitat from lowland swamps (Sphagnion medii) to swampy forests (Vaccinio uliginosiPinion) and subalpine-lower alpine dwarf shrub communities (Loiseleurio-Vaccinion, Grünebach 2013), thus spanning three vegetation classes (Vaccinio uliginosi-Pinetea sylvestris, Oxycocco-Sphagnetea, Loiseleurio-Vaccinietea; Grabherr 1993 , Steiner 1993 , Willner & Grabherr 2007 . However, we acknowledge that fine-scale investigations in areas where the two cytotypes come into contact are needed in order to safely reject the hypothesis of a lack of ecological segregation; such investigations are underway (L. Silbernagl, unpublished) . Previous studies in polyploid complexes have usually revealed niche differences among sympatric cytotypes (Lumaret et al. 1987 , Felber-Girard et al. 1996 , Sonnleitner et al. 2016 , whereas the opposite is considered rare (Hanzl et al. 2014) .
In spite of the clear separation of diploids and tetraploids in the molecular data sets we failed to detect consistent morphological differences (Fig. 3) . Although absolute size characters used to discriminate V. uliginosum s. str. and V. gaultherioides such as plant height, leaf length or leaf width (Fischer et al. 2008 ) differed significantly between the two cytotypes (ANOVA analyses; Table 2), they were strongly inversely correlated with altitude within tetraploids, preventing their use for reliable determination (Fig. 4) . Consequently, based on the characters employed here, it is currently impossible to morphologically distinguish the two cytotypes where their ranges overlap, i.e. in subalpine and alpine dwarf shrub communities. The LDA (Fig. 5 ) of morphological characters corroborates this result. The separation along the first linear discriminant reflects the altitudinally segregated habitats, bogs and alpine dwarf shrub communities, rather than the two cytotypes, which is consistent with field observations (D. Regele & P. Schönswetter, unpublished) . We cannot exclude, however, that we have missed important traits; due to a lack of flowering material we could not assess generative characters such as the number of flowers per inflorescence (Fischer et al. 2008 ).
In conclusion, within V. uliginosum s.l. two major groups are congruently defined by ploidy level as well as by variation in AFLP and plastid DNA. These two groups, however, do not correlate with patterns of ecological and morphological divergence, currently preventing discrimination of diagnosable taxa. A similar situation was previously detected in eastern North American V. oxycoccos L. (Smith et al. 2015) . Ongoing research (L. Silbernagl et al. in prep.) focussing on mixed-cytotype localities and thus eliminating the disturbing effect of wide altitudinal gradients on morphological and ecological differentiation, which also includes morphometric characters from reproductive organs will hopefully provide a definite answer to whether V. uliginosum s. str. and V. gaultherioides are two diagnosable evolutionary units that merit taxonomic recognition.
Souhrn
Evoluční procesy, jako je zvýšený genový tok mezi polyploidy a jejich opakovaný vznik, činí z polyploidních komplexů taxonomicky složité skupiny. Vaccinium uliginosum s.l. je příkladem takového komplexu, který zahrnuje převážně diploidy a tetraploidy a patří k nejčastěji se vyskytujícím zakrslým keříkům nejen v Arktidě, ale také v jižněji položených pohořích včetně Alp. Přes jejich častý výskyt existuje z Alp a přilehlých oblastí překvapivě málo informací o ploidní, stanovištní a morfologické variabilitě, a také skutečná taxonomická hodnota rostlin označovaných jako V. gaultherioides je nejasná. Podél pěti výškových transektů ve středních Alpách jsme studovali rostliny tohoto okruhu pomocí průtokové cytometrie, sekvenování chloroplastové DNA, metody AFLP a morfometrické analýzy, a popsali jsme jejich ekologické niky prostřednictvím fytocenologických snímků a Landoltových indikačních hodnot. Studovali jsme, (i) jaké je rozšíření diploidů a tetraploidů V. uliginosum s.l. na velké prostorové škále, (ii) zda jsou molekulárně genetické vztahy řízeny diferenciací ploidních úrovní a jestli jsou nějaké (iii) ekologické nebo (iv) morfologické rozdíly mezi oběma cytotypy. Zjistili jsme, že tetraploidi se vyskytují v celém zájmovém území v Alpách a jejich severním předhůří, zatímco vý-skyt diploidů je omezen na Centrální Alpy a Jižní vápencové Alpy. Analýza metodou ALFP odlišila oba cytotypy jako samostatné skupiny, které navíc téměř úplně odpovídaly dvěma chloroplastovým liniím. Jediným dů-kazem toho, že dochází k toku genů mezi diploidy a tetraploidy, byl tetraploidní jedinec s haplotypem jinak se vyskytujícím výlučně u diploidů. Niky diploidů a tetraploidů jsou do určité míry oddělené, což je způsobeno tím, že v nižších polohách se vyskytují pouze tetraploidi; nad 1500 n n.m. se však oba cytotypy vyskytují společně. Tetraploidi se také vyskytují v širším spektru rostlinných společenstev. Přestože molekulární metody oba cytotypy jasně odlišily, nezjistili jsme mezi nimi morfologické rozdíly, které by bylo možno využít k jejich spolehlivému určování. V současné době proto nelze na základě morfologických znaků rozlišit diploidní V. gaultherioides a tetraploidní V. uliginosum s. str.
